The basal ganglia (BG) are thought to play a critical role in motor planning and movement sequencing. While electrophysiological and imaging studies have shown that the dorso-lateral prefrontal cortex (DLPFC) is involved in working memory (WM), the involvement of the BG in this process is not well understood. We used a motor sequencing task to investigate the differential role of BG nuclei in memory-guided movement. Signi®cant activation was observed in the DLPFC and posterior putamen and globus pallidus (GP), with a trend in the caudate and no differences in the anterior putamen. We then investigated the effect of BG out¯ow on thalamic activation using functional connectivity analysis. Activation in the posterior putamen GP was found to be correlated with thalamic activation only in the hemisphere contralateral to movement. These results provide the ®rst fMRI evidence that the BG may modulate activity in the thalamus during working memoryguided movement sequencing. Our ®ndings suggest that the BG activation may re¯ect increased motor sequencing demands during the memory-guided movement condition and, speci®-cally, that the posterior putamen and GP may play a role in maintenance of representations in WM in a manner that contributes to planning and temporal organization of motor 
INTRODUCTION
The basal ganglia (BG) play an essential role in adaptive behavior in general and movement initiation, control and sequencing in particular. Although the BG have been primarily thought to be involved in motor functions, researchers have argued that the BG may play a more direct role in supporting cognitive operations [1±3] . This argument has been supported by a number of studies which have noted a pro®le of cognitive performance de®cits in patients with BG disease [4±6] . BG-related cognitive dysfunction might result from a number of factors, including de®cits in the allocation of attention resources, the maintenance of representations in working memory, the temporal organization of behavior, planning, or the self-elaboration of internal strategies, which resemble dysfunctions of processes that are commonly considered to be controlled by the frontal lobes [5] .
In the present study we investigated the role of various BG nuclei in supporting cognitive operations by examining its involvement in working memory-guided movement sequencing. Electrophysiological studies in primates have examined the role of the BG in memory-guided movement but there have been no such studies in humans to date. Mushiake and Strick [7] investigated the activity of globus pallidus (GP) neurons in Macaque monkeys during sequential reaching tasks with and without memory requirements and reported that several GP neurons were preferentially active during working memory-guided movement. Electrophysiological studies have also found memory-contingent neurons in the substantia nigra during visual and saccade responses [8, 9] . However, the precise role played by the striatum in visuo-spatial WM is still not well understood, as some electrophysiological studies have found delay related neuronal activity in the caudate [10, 11] while others have failed to ®nd any such activity in the caudate or anterior putamen [12] . Levy et al. [13] examined the role of the monkey caudate in spatial and non-spatial WM tasks using PET imaging and found that the caudate head was active during spatial WM and the caudate tail was active during nonspatial WM. Other electrophysiological studies have suggested that the caudate and putamen nuclei of the BG primarily perform an integrative role in binding sensory inputs to motor response [14] . Kermadi and Joseph [15] have reported that neurons in the caudate appear to play a role in the construction, but not storage of spatial sequencing.
To date, no imaging studies have examined the differential activation of BG nuclei in the context of memoryguided movements. Although, in principle, functional magnetic resonance imaging (fMRI) provides adequate resolution to image the basal ganglia at the spatial scale of the individual nuclei, activating these nuclei with fMRI has proven to be dif®cult. In this study we investigated the differential role of various BG nuclei during memoryguided movement sequencing and the effect of BG out¯ow on thalamic activation. We modi®ed a motor sequencing task, which we had previously shown to reliably activate the BG [16] , to include a delay component and investigated activation related to WM in the DLPFC, which is commonly activated by the executive component of WM tasks [17±19] , and various nuclei of the BG. Previous studies that have investigated BG function have mainly used purely motor tasks which activate the motor output regions of the BG [20±22]. Our memory-guided movement sequencing task was analogous to those used in electrophysiological studies [7] .
MATERIALS AND METHODS
Subjects: Ten healthy right-handed subjects (six men and four women; ages 20±35 years) participated in the study after the study was explained to each and written informed consent was obtained. The human subjects committee at Stanford University and the Palo Alto VA Health Care System approved this protocol. No subject had more than 1 mm of head motion in any axis during the scan.
Experimental design: The tasks consisted of alternating epochs of motor sequencing with and without WM demands. Trials (8 s each) were presented using a blockeddesign with ®ve trials per block and six blocks of each condition (12 blocks total) presented in an ABAB... paradigm. Brief instructions preceded each block. Motor sequencing involving ®nger movements do not elicit reliable fMRI activation of the BG; we therefore designed a task, involving arm movements, which reliably activated the caudate, putamen and GP [16] . In both task conditions, subjects rested the closed ®st of their right hand on the base of a palm-shaped keypad. Movement consisted of touching, with thumb and fore®nger pinched together, one of four locations 15 cm away from the base and returning to the base position. Subjects practiced the task brie¯y for 2 min 40 s (four epochs) 30 min before the scan and were monitored visually during the scan to verify consistent task performance. Numbers between 1 and 4 were presented binaurally and subjects made arm movements to corresponding locations on the keypad. In the memory-guided (experimental) condition, subjects heard three numbers in succession and had to respond with the arm movements after a 3.5 s delay. In the control condition, numbers were presented with an ISI of 1.5 s and subjects moved their arm immediately after each number was presented (Fig. 1 ). The number of movements and auditory stimuli were balanced across conditions. Data acquisition: Images were acquired on a conventional 1.5 T GE (Milwaukee, WI) scanner using a quadrature whole head coil. Twelve axial slices (6 mm thick, 0 mm skip), roughly extending À20 to 52 mm relative to the anterior commissure, were imaged with a temporal resolution of 4 s at 120 time points using a T2 Ã -weighted gradient echo spiral pulse sequence (TR 1000 ms, TE 40 ms,¯ip angle 408 and 4 interleaves) [23] . The ®eld of view was 310 mm and the effective inplane spatial resolution was 4.35 mm.
Data analysis: Images were corrected for movement using least square minimization, normalized to stereotaxic Talairach coordinates [24] , resampled every 2 mm using sinc interpolation and smoothed with a 4 mm Gaussian kernel. Statistical analysis was performed on individual subject data to determine which voxels showed signi®-cantly greater activation during the memory-guided, compared to the control condition. The general linear model and the theory of Gaussian random ®elds as implemented in SPM96 were used to analyze the fMRI data. This method implements a multivariate regression analysis and corrects for temporal and spatial autocorrelations in the fMRI data [25] . For each subject, voxel-wise t-statistics were computed and normalized to Z scores to provide a statistical measure of activation that is independent of sample size.
ROI analysis: Regions of interest (ROIs) were constructed based upon known neuroanatomical landmarks [26] and guided by the Talairach atlas [24] for caudate head, anterior putamen, posterior putamen and GP, and DLPFC (BA 9/46). We also examined activation in the thalamus since it is the primary target of BG output. Given the limited spatial resolution of the fMRI scan we did not attempt to differentiate activation in the various thalamic nuclei. The anterior commissure was used to demarcate anterior and posterior putamen and GP. Separate left and right hemisphere ROIs were constructed for each region. The percentage of voxels activated above a threshold of Z . 1.645 ( p , 0.05) within each ROI was determined for each subject. Regional differences in activation were examined using ANOVA.
RESULTS
Activation across subjects: Although nearly every subject activated the basal ganglia and thalamus, the inter-subject variability in activation of individual voxels was high. Thus, individual voxels activated by different subjects showed little overlap and no single voxel was activated by more than ®ve of 10 subjects. Figure 2 image of the number of voxels activated by each subject and captures some of the variability in activation across subjects. Although the precise voxel activated in each subject in the basal ganglia and thalamus were quite variable, six of 10 subjects activated the caudate, six of 10 activated the anterior putamen, nine of 10 activated the posterior putamen GP and nine of 10 activated the thalamus. All 10 subjects activated the DLPFC. This map is shown for illustrative purposes only. Statistical analysis of activation across subjects was conducted using an ANOVA on the percentage of voxels activated by each subject in each region of interest.
Region of interest analysis:
A two-way repeated-measures ANOVA with factors ROI (DLPFC, caudate, anterior putamen, posterior putamen GP) and hemisphere (left and right) was used to investigate the pro®le of signi®cant regional differences in activation. There was no ROI 3 Fig. 2 . Composite map of activation across 10 subjects in the dorsolateral prefrontal cortex, basal ganglia, and thalamus during the memory-guided compared to a non-working-memory guided movement sequencing task. The number of subjects who showed signi®cant activation (Z . 1.65, p , 0.05) in each voxel was computed and displayed according to the adjoining scale. The precise voxels activated by each subject in the basal ganglia and thalamus were quite variable. Six of 10 subjects activated the caudate, six of 10 activated the anterior putamen, nine of 10 activated the posterior putamen globus pallidus and nine of 10 activated the thalamus. All 10 subjects activated the dorsolateral prefrontal cortex. This map is shown for illustrative purposes only. Statistical analysis of activation across subjects was conducted using an ANOVA on the percentage of voxels activated by each subject in each region of interest.
hemisphere (F(3,27) 0.120, p 0.948) interaction, or main effect of hemisphere (F(1,9) 0.388, p 0.549), but a signi®-cant main effect of ROI was found (F(3,27) 3.197, p 0.039). We compared activation in the memory-guided and control conditions using a two-tailed t-test. Signi®cant activation differences were found in the DLPFC (t(9) 3.036, p 0.014) and posterior putamen GP (t(9) 2.545, p 0.031), but not the caudate (t(9) 2.052, p 0.070) or anterior putamen (t(9) 1.700, p 0.122; Fig.  2 ). Signi®cant activation was also found in the thalamus (t(9) 2.555, p 0.031). Figure 3 compares activation across subjects in the DLPFC, BG and thalamus.
Basal ganglia and thalamus connectivity analysis: We then investigated the effect of BG out¯ow on thalamic activation separately in each hemisphere. Left thalamic activation was signi®cantly correlated with left posterior putamen GP activation (Spearman R 0.66, p 0.04; Fig.  4 ), but right thalamus activation was not related to right posterior putamen GP activation (Spearman R 0.27, p 0.46). Activation in the left and right thalami was also signi®cantly correlated (Spearman R 0.83, p 0.003).
DISCUSSION
The motor sequencing task used in the present study has been previously shown to activate the caudate, anterior putamen, and the posterior putamen GP [16] . The current study compared activation between motor sequencing conditions with and without WM demands. Consistent with previous imaging studies [18, 19] , we observed signi®cant activation of the left and right DLPFC. In addition, signi®-cant activation was detected in the posterior putamen GP, with a trend toward signi®cant activation in the caudate. No signi®cant activation was detected in the anterior putamen. There were no signi®cant hemispheric differences in activation, suggesting that the overall activation is not entirely due to increased motor demands during the memory-guided task. It should be noted that the motor components of the task were balanced across the WM and non-WM conditions. Our results provide the ®rst evidence for posterior putamen GP involvement during working memory-guided movement sequencing in humans. These results are in agreement with electrophysiological studies in primates [7] which have indicated that GP activation is modulated by memory requirements during motor sequencing. In addition to signi®cant activation in the BG, we found increased activation in the thalamus. Furthermore, thalamic activation was found to be correlated with posterior puta- men GP activation in the left but not the right hemisphere. The increase in thalamic activation contralateral to the movement may therefore be related to increased motor coordination demands during the memory condition. Our results provide the ®rst fMRI evidence that thalamic activation may be related to BG out¯ow and further suggest that the thalamic input from the BG is increased during working memory-guided movement. These activations may be related to the additional motor sequencing demands that are present during the memory-guided, but not the control condition. Given recent neuroanatomical evidence for interhemispheric thalamic connectivity [27, 28] we also investigated the relationship between left and right thalamic activation. A signi®cant relation between left and right thalamic activation was found suggesting that the left hemisphere (contralateral to movement) basal ganglia out¯ow may play a role in the bilateral integration of motor planning systems via inter-thalamic cross-talk. While electrophysiological studies have speci®cally investigated the role of the BG in memory operations in the context of movement sequencing, imaging studies in humans have focused on its role in WM tasks in general. These studies have suggested that the caudate head plays a role in visuo-spatial [29, 30] but not verbal working memory tasks [18, 29] . However, Owen et al. [31] have reported de®cits in GP activation, but not caudate or putamen, in Parkinson's patients during spatial WM. Within the context of movement sequencing, Menon et al. [16] compared BG activation during externally and self-paced sequences of arm movements and reported a dissociation in anterior and posterior putamen and GP activation. They found that both externally paced and self-paced movements activated the posterior putamenGP but only the externally paced movements activated the anterior caudate and putamen. Based on these results, as well as animal [32] and imaging studies, they suggest that the anterior caudate and putamen may be involved in sensory to motor stimulusresponse mapping and the posterior putamen and GP may be involved in the motor response itself.
In the present study, stimulus-response associations were completely balanced across the two conditions. Thus, statistically signi®cant differences were not found in the caudate and anterior putamen. Elliott and Dolan [30] have noted that caudate activation is not modulated by increase in WM delay and several electrophysiological studies have failed to ®nd delay related activation in the caudate [12] . However, signi®cant activation was detected in the posterior putamen GP which together receive sensorimotor input and send output to the sensorimotor cortex via the thalamus [1, 33] . Given the lack of evidence, from both neuroimaging [30] and electrophysiological studies [12, 15] , of delay speci®c modulation of activation in the BG, our results suggest that the observed activation may re¯ect increased motor sequencing demands during the memoryguided movement condition. Since motor sequencing alone has been shown to activate more extensive regions of the BG [16] , the present results suggest that the posterior putamen GP may be speci®cally involved in the construction, but not the storage of movement sequences.
CONCLUSION
Taken together, our ®ndings are compatible with the hypothesis that the BG plays a role in maintenance of representations in working memory in a manner that contributes to planning and temporal organization of motor sequencing. More broadly, our ®ndings suggest that the BG supports operations that could contribute to planning of action. Given the neuroanatomical projections between the BG and DLPFC via the thalamus [34] , the BG may also exert a modulatory in¯uence on the DLPFC and contribute to adaptive behavior. Our ®ndings also suggest that the paradigm developed in the present study can be used to investigate cognitive and motor abnormalities in disorders such as ADHD, Parkinson's disease and schizophrenia, in which BG output is known to be disrupted [31, 35] .
